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REMARKS 

Applicant respectfully requests reconsideration of the present application in view of 
the foregoing amendments and in view of the reasons that follow. 

I. Status Of The Claims 

This amendment adds, changes and/or deletes claims in this application. A detailed 
listing of all claims that are, or were, in the application, irrespective of whether the claim(s) 
remain under examination in the application, is presented, with an appropriate defined status 
identifier. 

Claims 1-54 and 58-78 are pending. Claims 1-8, 10-22, 43-46, 49-55, 58-71 and 73- 
78 were rejected. Claims 9, 23-30, 47-48 and 72 were objected to. The Examiner is thanked 
for indicating allowable subject matter. 

Claim 17 is amended. Exemplary support for this amendment can be found, e.g., at 
original claims 1 and 17, and page 6, lines 1-3, of the application. 

Upon entry of this amendment, claims 1-54 and 58-78 will be pending in the 
application. As the foregoing amendment does not introduce new matter, entry thereof by the 
Examiner is respectfully requested. 

II. Claim Rejections - 35 U.S.C. S 112, Second Paragraph 

A. Claims 17, 58 And 60-63 For Reciting "One Or 

More Substitutions, Additions, Deletions, Or Modifications" 

Claims 17, 58 and 60-63 were rejected under 35 U.S.C. § 1 12, second paragraph, for 
reciting the phrase "one or more substitutions, additions, deletions, or modifications." The 
Examiner stated that it was not clear where the substitutions, additions, deletions, or 
modifications occur in the sequence and how many amino acids are substituted, added, 
deleted or modified, or what the resulting sequence is. Applicant respectfully traverses this 
ground of rejection. 
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The breadth of a claim is not to be equated with indefiniteness. In re Miller, 441 F.2d 
689, 169 USPQ 597 (CCPA 1971); see also MPEP § 2173.4. If the scope of the subject 
matter embraced by the claims is clear, and if applicants have not otherwise indicated that 
they intend the invention to be of a scope different from that defined in the claims, then the 
claims comply with 35 U.S.C. § 1 12, second paragraph. See MPEP § 2173.4. 

The pending claims recite an analog of natural GLP-2 "having one or more 
substitutions, additions, deletions, or modifications." Applicant specifically teaches suitable 
substitutions, additions, deletions, or modifications for GLP-2 analogs, for example, at page 
6, lines 1-12, of the Application. Moreover, Applicant specifically teaches and claims the 
functional characteristics of GLP-2 analogs. See page 5, lines 24-33, and page 6, lines 24-28, 
of the application. As such, the pending claims should be given their broadest reasonable 
interpretation consistent with the specification. MPEP §2111. Read in light of the 
specification, a skilled artisan would understand the subject matter of the claimed invention. 
Accordingly, Applicant's claims are definite and this ground of rejection should be 
withdrawn. 

B. Claim 59 For Reciting Amino Acid 

Substitutions Without Indicating A "SEQ ID NO:" 

Claim 59 was rejected under 35 U.S.C. § 1 12, second paragraph, for reciting amino 
acid substitutions at various positions without indicating the "SEQ ID NO:" of the reference 
sequence. Applicant respectfully requests reconsideration and withdrawal of the rejection. 

For compliance with the definiteness requirement of 35 U.S.C. § 1 12, second 
paragraph, the claim language must meet the threshold requirements of clarity and precision 
regardless "whether more suitable language or modes of expression are available." MPEP § 
2173.02. The essential inquiry is whether the claims set out their subject matter with a 
reasonable degree of clarity and particularity. See MPEP § 2173.02. This inquiry is analyzed 
in light of: (1) the content of the particular application, (2) the teachings of the prior art, and 
(3) the claim interpretation that would be given by one of ordinary skill in the art at the time 
the invention was made. See MPEP § 2173.02. 
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Those skilled in the art would understand the metes and bounds of the claimed 
specific peptide analogs. The GLP-2 peptide was well-known to those skilled in the art at the 
time the invention was made. For example, a review article summarized much of the 
contemporaneous knowledge concerning the peptide: 

the GLP-2 sequence (Fig. 2) was detected in all isolated 
mammalian proglucagon cDNAs and genes (6, 7, 8 5 9, 10) as a 
33 amino acid peptide located carboxyterminal to GLP-1 and 
intervening peptide 2 (Figs. 1 and 2). Subsequent studies 
demonstrated that fish, chickens, and lizards generate GLP-2 in 
the gut as a result of tissue-specific alternative RNA splicing of 
proglucagon RNA transcripts (11, 12). In mammals, tissue- 
specific posttranslational processing liberates GLP-2 from 
proglucagon in the intestine and brain but not in pancreas, as a 
result of cell-specific expression of prohormone convertases in 
gut endocrine cells (13). Isolation and sequencing of GLP-2 
from the porcine and human intestine confirmed that GLP-2 is a 
33 amino acid peptide (Fig 2), corresponding to proglucagon 
126-158, ending in a carboxyterminal Asp residue (14, 15). 

D.J. Drucker, J. Clin, Endocrinol Metab. 86(4): 1759-64 (2001). As exemplified by the 
above excerpt, those skilled in the art would recognize that naturally occurring GLP-2 is a 33 
amino acid peptide cleaved from proglucagon and ending in a specific residue. This 
recognition is consistent with the disclosure of the application. See, e.g., page 1, lines 20-25. 

In addition and as previously stated, those skilled in the art would have recognized a 
number of specific GLP-2 analogs. See pages 17-19 of the Paper of September 7, 2004; see 
also U.S. Patent Nos. 5,789,379 and 5,952,301. Likewise, Applicant specifically teaches 
suitable GLP-2 analogs, for example, at page 5, line 24, to page 6, line 34, of the application. 

In view of the disclosure of the application and the state of the art at the time the 
invention was made, those skilled in the art would recognize the subject matter recited as an 
"analog of natural GLP-2." Accordingly, Applicant respectfully requests reconsideration and 
withdrawal of the rejection. 
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III. Claim Rejections - 35 U.S.C. S 103 

A. Rejection Of Claims 1-8, 10, 22, 49-55, 58, 63-71, 73 

And 78 As Being Obvious Over Knudsen In View Of Kornfelt 

Claims 1-8, 10, 22, 49-55, 58, 63-71, 73 and 78 were rejected under 35 U.S.C. 
§ 103(a) as being allegedly obvious over Knudsen et al. (WO 99/43361, "Knudsen") in view 
of Kornfelt et al. (U.S. Patent No. 5,652,216, "Kornfelt"). Applicant respectfully traverses 
and requests reconsideration and withdrawal of the rejection. 

1. The Examiner's Basis for the Rejection 

The Examiner asserts that it would have been obvious to a person of ordinary skill in 
the art to prepare a pharmaceutical composition of GLP-2 as indicated by Knudsen with the 
addition of histidine as a stabilizing agent as taught by Kornfelt because histidine had been 
shown to stabilize glucagon and GLP-2 is a glucagon-like peptide. 

2. There is no Motivation to Combine the Teachings of 
Knudsen and Kornfelt Because Kornfelt Relates To Glucagon, 
Which is Significantly Different Than Applicant's Claimed GLP-2 

A proper rejection under 35 U.S.C. § 103(a) requires two factors: (1) whether the prior 
art would have suggested to those of ordinary skill in the art that they should make the 
claimed composition, or device, or carrying out the claimed invention, and (2) whether the 
prior art would also have revealed that in making or carrying out the claimed invention, those 
of ordinary skill would have a reasonable expectation of success. Both the suggestion and the 
reasonable expectation of success must be found in the prior art, and not in the applicant's 
disclosure. See In re Vaeck y 947 F.2d 488, 493, 20 USPQ2d 1438, 1442 (Fed. Cir. 1991). In 
the present case, the Examiner has failed to establish a prima facie case of obviousness for 
the following reasons. 

There is no teaching or suggestion in the cited art to combine the teachings of 
Knudsen with the teachings of Kornfelt to obtain the claimed invention. Kornfelt is directed 
to a pharmaceutical composition comprising glucagon and a stabilizing amount of a 
pharmaceutically acceptable ampholyte including, for instance, histidine. Despite similarities 
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in their names, glucagon and a naturally occurring GLP-2, or an analog thereof, are not 
interchangeable and have different properties, characteristics, and functionality. 

For example, the physical properties of each protein are so different that it is not 
intuitive that excipients and formulations that stabilize glucagon would have the same effect 
on naturally occurring GLP-2, or an analog thereof. The following figure shows that there is 
very little structural equivalence between glucagon and GLP-2. 



hGLP-2 HADGSFSDEMNTILDNLAARDFINWLIQTKITD 

+ + + ++ ++++++ 

Glucagon HSQGTFTSDYSKYLDSRRAQDFVQWLMNT 



Although the origin of the sequences are related, GLP-2 possesses only 33% sequence 
homology to glucagon - which is equivalent to 1 1 of 33 amino acid residues. Moreover, the 
chart provided below shows some of the properties, characteristics, and functionality which 
are different between glucagon and ALX-0600, an exemplary GLP-2 analog. 



Property 


ALX-0600 


Glucagon 


Soluble In H 2 0? 


Yes 


No 


Soluble At pH? 


Above About 5.5 


About 2.8 


High Affinity Binding to GLP-2 Receptor? 


Yes 


No 


In Vivo Intestinotrophic Activity? 


Yes 


No 



As shown above, the solubility glucagon and GLP-2 are dramatically different. 
Applicant teaches that [Gly 2 ] hGLP-2 precipitates from solution below about pH 5.5. See 
page 7, lines 3-6, of the Application. In contrast, Kornfelt teaches that the preferred pH for 
glucagon is pH 2.8. See col. 3, lines 9-12, of Kornfelt. Likewise, glucagon is practically 
insoluble in water. See European Pharmacopoeia Commission, The European Pharmacopeia 
(2nd Ed.), page 612 (1989). 
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Moreover, glucagon and GLP-2 are functionally distinct. GLP-2 analogs that activate 
GLP-2 receptor signal transduction in vitro display intestinotrophic activity in vivo. See, e.g., 
Munroe et aL, Proc. Natl. Acad. Set U.S.A. 96(4):\569-73 (1999) ("Munroe"). Glucagon 
does not. See page 1573, Table 2, of Munroe. Likewise, GLP-2, but not glucagon, is capable 
of high affinity binding to the GLP-2 Receptor. See page 1573, Table 2, of Munroe. 

Accordingly, glucagon and a naturally occurring GLP-2, or an analog thereof, are not 
interchangeable as each peptide has different properties, characteristics, and functionality. 

3. There is no Motivation to Combine 

the Teachings of Knudsen and Kornfelt Because 

of the Empirical Nature of Peptide/Protein Formulations 

Additionally, a person of ordinary skill in the art would know that there are several 
problems that may be encountered in designing peptide/protein formulations due to their 
empirical nature. 

In Applicant's previous response, several references were cited that detail the 
difficulties that may be involved with designing peptide/protein formulations. See e.g., Pikal 
et al., Pharm. Res. 8(4)A21-436 (1991) ("Pikal") and Cleland et aL, "Formulation and 
delivery of proteins and peptides: design and development strategies" in Cleland et al. (Eds.), 
Formulation and Delivery of Proteins and Peptides , American Chemical Society, Washington 
D.C., p. 1-19 (1994) ("Cleland"), Cleiand prominently noted that "one parameter that 
impacts all the major degradation pathways is the solution pH." {See e.g., page 5, first full 
paragraph). Additionally, Cleland states that: 

ftjhe design and production of protein and peptide drug 
formulations is not well developed and many of the mechanisms 
for stabilization and delivery of these drugs have not been 
determined . . . Each molecule has its own unique physical and 
chemical properties which determine its in vitro stability. 

Page 1 . Because these inherent difficulties in designing peptide/protein formulations, one of 
skill in the art at the time the claimed invention was made would not have been motivated to 
attempt to make Applicant's claimed invention, given the teachings of Knudsen and Kornfelt. 
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For at least these reasons, this ground for rejection should be withdrawn. 

B. Rejection Of Claims 11-12 And 74-75 As Being Obvious Over 
Knudsen In View Of Kornfelt And Further In View Of Hora 

Claims 11-12 and 74-75 were rejected under 35 U.S.C. § 103(a) as being obvious over 
Knudsen in view of Kornfelt and further in view of Hora et al. (U.S. Patent No. 5,997,856, 
"Hora"). Applicant respectfully traverses the rejection. 

As discussed above, the Examiner has failed to establish a prima facie case of 
obviousness for the rejection of the claims over Knudsen in view of Kornfelt. Hora does not 
remedy the deficiencies of Knudsen and Kornfelt. Hora discloses a method for the 
solubilization and/or stabilization of polypeptides using cyclodextrin. Hora fails to disclose 
the presently claimed combination of GLP-2, histidine, phosphate buffer, and a bulking agent. 
Accordingly, claims 11-12 and 74-75 are not obvious over Knudsen in view of Kornfelt and 
further in view of Hora. Applicant respectfully requests withdrawal of the rejection. 

C. Rejection Of Claims 13-15, 17-20 And 76 As 

Being Obvious Over Knudsen In View Of Kornfelt And 
Further In View Of Drucker (WO 97/39031, "Drucker A") 

Claims 13-15, 17-20 and 76 were rejected under 35 U.S.C. § 103(a) as being obvious 
over Knudsen in view of Kornfelt and further in view of Drucker et al. (WO 97/39031, 
"Drucker A"). Applicant respectfully traverses the rejection. 

As discussed above, the Examiner has failed to establish a prima facie case of 
obviousness for the rejection of the claims over Knudsen in view of Kornfelt. Drucker A 
does not remedy the deficiencies of Knudsen and Kornfelt, Drucker A discloses analogs of 
GLP-2, formulations comprising the analogs, and uses thereof. However, Drucker A fails to 
disclose the presently claimed combination of GLP-2, histidine, phosphate buffer, and a 
bulking agent. Therefore, claims 13-15, 17-20 and 76 are not obvious over Knudsen in view 
of Kornfelt and further in view of Drucker A. Applicant respectfully requests withdrawal of 
the rejection. 
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D. Rejection Of Claims 16 And 21 As Being Obvious Over 
Knudsen In View Of Kornfelt And Further In View Of Thim 

Claims 16 and 21 were rejected under 35 U.S.C. § 103(a) as being obvious over 
Knudsen in view of Kornfelt and further in view of Thim et al. (U.S. Patent No. 5,912,229, 
"Thim"). Applicant respectfully traverses and requests withdrawal of the rejection. 

As discussed above, the Examiner has failed to establish a prima facie case of 
obviousness for the rejection of the claims over Knudsen in view of Kornfelt. Thim does not 
remedy the deficiencies of Knudsen and Kornfelt. Thim relates to use of a pharmaceutical 
composition comprising GLP-2 or an analog thereof. However, Thim fails to disclose the 
presently claimed combination of GLP-2, histidine, phosphate buffer, and a bulking agent. 
Therefore, claims 16 and 21 are not obvious over Knudsen in view of Kornfelt and further in 
view of Thim. Applicant respectfully requests withdrawal of the rejection. 

E. Rejection Of Claims 43-46 And 77 As Being 

Obvious Over Knudsen In View Of Kornfelt And Further 
In View Of Drucker (U.S. Patent No. 5,952,301, "Drucker B") 

Claims 43-46 and 77 were rejected under 35 U.S.C. § 103(a) as being obvious over 
Knudsen in view of Kornfelt and further in view of Drucker et al. (U.S. Patent No. 5,952,301, 
"Drucker B"). Applicant respectfully traverses and requests withdrawal of the rejection. 

As discussed above, the Examiner has failed to establish a prima facie case of 
obviousness for the rejection of the claims over Knudsen in view of Kornfelt. Drucker B 
does not remedy the deficiencies of Knudsen and Kornfelt. Drucker B discloses a package 
having an ampoule containing GLP-2, at least one other peptide hormone, and a carrier, and 
further incorporating a label instructing the use of its contents. However, Drucker B fails to 
disclose the presently claimed kit comprising an ampoule having GLP-2, histidine, phosphate 
buffer and a bulking agent, a second ampoule, and instructions. Accordingly, claims 43-46 
and 77 are not obvious over Knudsen in view of Kornfelt and further in view of Drucker B. 
Applicant respectfully requests withdrawal of the rejection. 
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IV. Claim Objections 

Claims 9, 23-30, 47-48 and 72 were objected to as being dependant upon a rejected 
base claim. In view of the remarks above, Applicant respectfully requests withdrawal of this 
ground of objection. 

V. Conclusion 

The present application is now in condition for allowance. Favorable reconsideration 
of the application as amended is respectfully requested. The Examiner is invited to contact 
the undersigned by telephone if it is felt that a telephone interview would advance the 
prosecution of the present application. 

The Commissioner is hereby authorized to charge any additional fees which may be 
required regarding this application under 37 C.F.R. §§ 1.16-1.17, or credit any overpayment, 
to Deposit Account No. 19-0741 . Should no proper payment be enclosed herewith, as by a 
check being in the wrong amount, unsigned, post-dated, otherwise improper or informal or 
even entirely missing, the Commissioner is authorized to charge the unpaid amount to 
Deposit Account No. 19-0741 . If any extensions of time are needed for timely acceptance of 
papers submitted herewith, Applicant hereby petitions for such extension under 37 C.F.R. 
§1.136 and authorizes payment of any such extensions fees to Deposit Account No. 19-0741. 

Respectfully submitted, 




Date V 2oc< By (jp^y^f *k &i s bo>«) 

FOLEY & LARDNER LLP Michele M. Simkin » 

Customer Number: 22428 Attorney for Applicant 

Telephone: (202)672-5538 Registration No. 34,717 
Facsimile: (202) 672-5399 

Enclosures: 

1 . D.J. Drucker, J. Clin. Endocrinol. Metab. 86(4):\759-64 (2001). 

2. European Pharmacopoeia Commission, The European Pharmacopeia (2nd Ed.), page 
612 (1989). 

3. Munroe et al., Proc. Natl. Acad. Sci. U.S.A. 96(4):\569-73 (1999). 
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ABSTRACT 

Glucagon-like peptide 2 (GLP-2) is a 33 amino acid peptide-encoded 
carboxyterminal to the sequence of GLP-1 in the proglucagon gene. 
Both GLP-1 and GLP-2 are secreted from gut endocrine cells and 
promote nutrient absorption through distinct mechanisms of action. 
GLP-2 regulates gastric motility , gastric acid secretion, intestinal 
hexose transport, and increases the barrier function of the gut epi- 
thelium. GLP-2 significantly enhances the surface area of the mucosal 
epithelium via stimulation of crypt cell proliferation and inhibition of 
apoptosis in the enterocyte and crypt compartments. The cytoprotec- 
tive and reparative effects of GLP-2 are evident in rodent models of 
experimental intestinal injury. GLP-2 reduces mortality and de- 



creases mucosal injury, cytokine expression, and bacterial septicemia 
in the setting of small and large bowel inflammation. GLP-2 also 
enhances nutrient absorption and gut adaptation in rodents or hu- 
mans with short bowel syndrome. The actions of GLP-2 are trans- 
duced by the GLP-2 receptor, a G protein-coupled receptor expressed 
in gut endocrine cells of the stomach, small bowel, and colon. Acti- 
vation of GLP-2 receptor signaling in heterologous ceils promotes 
resistance to apoptotic injury in vitro. The cyto protective, reparative, 
and energy-retentive properties of GLP-2 suggests that GLP-2 may 
potentially be useful for the treatment of human disorders charac- 
terized by injury and/or dysfunction of the intestinal mucosal epi- 
thelium. (J Clin Endocrinol Metab 86: 1759-1764, 2001) 



THE GLUCAGON-LIKE PEPTIDES (GLPs) are produced 
in open type gut endocrine cells of the small and large 
intestine and play diverse roles in the regulation of energy 
homeostasis. Food ingestion sets in motion coordinated pep- 
tidergic responses that regulate nutrient transit through the 
gut, and nutrient absorption. Gut peptides also contribute to 
optimization of mucosal epithelial function for nutrient di- 
gestion and absorption. Following nutrient absorption into 
the blood stream, enteroendocrine-derived peptides such as 
GLP-1 facilitate nutrient disposal by regulating islet hor- 
mones and, indirectly, energy absorption via effects on liver, 
muscle, and adipose tissue. The aim of this review is to 
highlight recent advances in our understanding of the role 
played by GLP-2 in the regulation of intestinal epithelial 
biology and nutrient absorption. 

The sequence of proglucagon contains a number of distinct 
peptides with pleio tropic actions, including glicentin, glu- 
cagon, oxyntomodulin, and two GLPs as well as two inter- 
vening or spacer peptides (Fig. 1). Whereas glucagon, GLP-1, 
and GLP-2 exert well-defined actions through known recep- 
tors, the biological actions of the remaining proglucagon- 
de rived peptides remain less well characterized. Further- 
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more, no receptors have yet been isolated for glicentin, 
oxyntomodulin, or the intervening peptides (1-4). 

Although the sequence of GLP-2 was not detected in an- 
glerfish islet proglucagon complementary DNAs (cDNAs; 
Ref. 5), the GLP-2 sequence (Fig. 2) was detected in all iso- 
lated mammalian proglucagon cDNAs and genes (6-10) as 
a 33 amino acid peptide located carboxyterminal to GLP-1 
and intervening peptide 2 (Figs. 1 and 2). Subsequent studies 
demonstrated that fish, chickens, and lizards generate GLP-2 
in the gut as a result of tissue-specific alternative RNA splic- 
ing of proglucagon RNA transcripts (11, 12). In mammals, 
tissue-specific posttranslational processing liberates GLP-2 
from proglucagon in the intestine and brain but not in pan- 
creas, as a result of cell-specific expression of prohormone 
convertases in gut endocrine cells (13). Isolation and se- 
quencing of GLP-2 from the porcine and human intestine 
confirmed that GLP-2 is a 33 amino acid peptide (Fig 2), 
corresponding to proglucagon 126-158, ending in a carboxy- 
terminal Asp residue (14, 15). 

Initial studies of GLP-2 biological activity demonstrated 
increased adenylate cyclase activity in rat hypothalamic and 
pituitary membrane preparations following incubation with 
50 pM GLP-2 (16). Subsequent analyses of GLP-2 activity in 
the gut either failed to demonstrate activity of GLP-2 or 
demonstrated GLP-2-mediated inhibition of serum-stimu- 
lated intestinal cell growth in vitro (17). Nevertheless, despite 
these negative findings, considerable experimental evidence 
correlated increased expression and secretion of intestinal 
proglucagon-derived peptides (PGDPs) with bowel injury 
and mucosal growth of the small intestine (18-22). Further- 
more, two patients with glucagonomas exhibited marked 
small bowel villus hyperplasia that was reversed following 
surgical removal of the tumor (23, 24). Following observa- 
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Fig. 1. Structure of mammalian proglucagon, the proglucagon-derived peptides, and the biological actions of GLP-2. The numbers above and 
below the proglucagon molecule correspond to the positions and length of specific PGDPs. MPGF, Major proglucagon fragment; IP, intervening 
peptide. 



Glucagon HSQOTFTSDY5KYLDSRRAQDFVQWLMNT 

GLP-1 HAEGTFTSDVS S YLEGQAAKEFI AWLVKGRG 

GLP-2 HADOSFSDEMNTILDNLAARDFINWLIQTKITD 

Fig. 2. Peptide sequences of human glucagon, GLP-1, and GLP-2. 
Amino acids common to all three peptides are shown in bold, Amino 
acids common to glucagon and GLP-1, GLP-1, and GLP-2, and glu- 
cagon and GLP-2 are shown in green, blue, and red, respectively. 

tions that mice with sc glucagonomas developed massive 
small bowel hyperplasia, peptide injection studies identified 
GLP-2 as the PGDP with significant intestinotrophic activity 
(25). 

GLP-2 synthesis, secretion, and degradation 

A single proglucagon messenger RNA (mRNA) transcript, 
identical in sequence to proglucagon mRNAs in pancreas 
and brain (Fig. 1), is expressed in the mammalian small and 
large intestine (26-28). GLP-1 and GLP-2 are cosecreted from 
the gut (29) with the type and amount of nutrient ingestion 
representing a primary determinant of both intestinal pro- 
glucagon gene expression (30-33) and GLP-2 secretion in 
rodent, pig, and human studies (34-37). Fiber-enriched diets 
and fatty acids are potent stimulators of GLP-2 secretion in 
rodents and human subjects (36, 38). 

Intestinal injury or resection is associated with increased 
levels of proglucagon mRNA transcripts in the intestinal 
remnant as a result of an increase in proglucagon RNA con- 
tent in the remaining enteroendocrine cells (39-42). The kid- 
ney seems to be an important determinant of GLP-2 clearance 
as levels of immunoreactive GLP-2 are increased in human 



patients with renal failure (43). Similarly, experimental ne- 
phrectomy results in delayed clearance and increased circu- 
lating levels of GLP-2 in rats (44, 45). The estimated elimi- 
nation t 1/2 of exogenousiy administered GLP-2 in human 
studies seems to be —7.2 min (46), considerably longer than 
the t 1/2 of GLP-1 in similar studies. 

Analysis of rat and human plasma using a combination of 
high-performance liquid chromatography and site-specific 
GLP-2 antisera reveals the presence of two principal circu- 
lating molecular forms, GLP-2 1 " 33 and GLP-2 3 " 33 (15, 35, 46, 
47). GLP-1, gastric inhibitory peptide, and GLP-2 all contain 
an alanine residue in position 2, rendering them ideal sub- 
strates for degradation by dipeptidyl peptidase IV (DP IV), 
a ubiquitous protease expressed in the gut and vascular 
endothelium (48, 49). Incubation of GLP-2 with DP IV in vitro 
results in cleavage to the bioinactive GLP-2 3 " 33 peptide, and 
inhibitors of DP IV prevent GLP-2 degradation both in vitro 
and in vivo (35, 46, 47). The importance of DP IV for the 
biological activity of GLP-2 is exemplified by studies in rats 
demonstrating considerably greater intestinotrophic activity 
of an exogenousiy administered GLP-2 analog resistant to DP 
IV-mediated inactivation (47). Similarly coadministration of 
a DP IV inhibitor potentiates the trophic activity of exoge- 
nous native GLP-2 in rats (50). 

Increased circulating levels of GLP-2 are associated with 
the development of intestinal mucosal hyperplasia in rodents 
with experimental diabetes (38, 51). Administration of insu- 
lin to diabetic rats reduces the levels of circulating GLP-2 and 
reverses the small bowel mucosal hyperplasia (51). Human 
subjects with inflammatory bowel disease exhibit normal to 
increased levels of circulating bioactive GLP-2 1 " 33 (52), at- 
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tributable in part to a decrease in levels of circulating DP IV 
activity. Patients with Crohn's disease and marked involve- 
ment of the terminal ileum and patients with short bowel 
syndrome and lack of a colon in continuity with the remnant 
small bowel exhibit deficient levels of circulating GLP-2 and 
reduced meal-stimulated GLP-2 secretion, respectively (52, 
53). In contrast, patients with ileal resection but a preserved 
colon exhibit increased fasting and meal-stimulated levels of 
GLP-2 and enhanced intestinal adaptation (54), providing a 
possible physiological explanation linking the presence of a 
colon with facilitated intestinal adaptation. 

Biological activities of GLP-2 

The gastrointestinal tract, from the stomach to the colon, 
is the principal target for GLP-2 action. GLP-2 inhibits stim- 
ulated gastric acid secretion in human subjects and reduces 
antral gastric motility in the pig (55, 56). Acute GLP-2 infu- 
sion rapidly increases intestinal hexose transport in rats, with 
significant increases in both hexose and SGLT-1 transport 
activity detectable within 60 min after initiation of iv GLP-2 
infusion (57, 58). Administration of GLP-2 to normal mice 
produces significant increases in intestinal barrier function. 
Reduced epithelial permeability as measured by decreased 
ion and macromolecule transport, is detectable in Ussing 
chamber studies after a single injection of GLP-2 (59). Mor- 
phologically, intestinal epithelial cells appear narrower and 
longer, with increased numbers of longer microvilli detect- 
able on the luminal surface of the enterocyte following sev- 
eral days of GLP-2 administration (59). 

GLP-2 administered exogenously to mice and rats pro- 
motes expansion of the mucosal epithelium in the small and 
large bowel, with the most prominent trophic effects seen in 
the small bowel, specifically in the jejunum (25, 60). The 
trophic effects of GLP-2 are independent of the route of 
GLP-2 administration and are observed after iv, sc, or ip 
GLP-2 administration (57, 60-62). Although the optimal dos- 
ing and timing of GLP-2 administration for human clinical 
studies remains to be determined, GLP-2 is intestinotrophic 
in rodents even in daily or every other day administration 
regimens (60, 61). Whereas small changes in intestinal length 
have been detected after GLP-2 treatment (63), increased 
thickness of the intestinal mucosa, predominantly an in- 
crease in small bowel villus height and mucosal surface area, 
is invariably detected after several days of GLP-2 treatment 
(25, 47, 60, 61, 63). Enhanced thickness of the mucosal epi- 
thelium may be explained by GLP-2-stimulated increases in 
crypt cell proliferation, coupled with a decrease in the rate of 
enterocyte apoptosis (25, 61). 

The GLP-2- treated bowel is functionally normal as as- 
sessed by analysis of macromolecule expression, and normal 
levels of mucosal enzymes are observed in the GLP-2- treated 
murine intestine (64). Absorption of carbohydrates, lipids, 
and proteins is normal to enhanced in GLP-2-treated mice 
(64). Similarly, GLP-2- treated rats exhibit enhanced absorp- 
tion of glycine and galactose in association with increased 
mucosal DNA and protein content (65). Despite the sugges- 
tion that intracrebro ventricular GLP-2 administration inhib- 
its food intake (66), GLP-2 treatment of normal animals re- 
sults in normal food intake, weight gain commensurate with 



intestinal growth and an enhanced capacity for nutrient ab- 
sorption (64). 

The finding that enteral nutrients regulate GLP-2 secretion 
suggests a role for GLP-2 in mediating the trophic effect of 
nutrients on maintaining the normal thickness of the mucosal 
epithelium. Rats maintained on parenteral nutrition develop 
atrophy of the intestinal epithelium in both the small and 
large intestine, possibly as a result of reduced GLP-2 secre- 
tion. Intravenous coinfusion of GLP-2 and parenteral nutri- 
tion prevented the development of mucosal atrophy in the 
small but not the large bowel, illustrating the differential 
regional sensitivity of the gut to the trophic effects of GLP-2 
(62, 67). Consistent with these findings, GLP-2 significantly 
improved the endogenous intestinal adaptive response to 
major small bowel resection in rats, with increased nutrient 
absorption and reduced intestinal permeability observed in 
the GLP-2-treated animals (68, 69). 

The trophic and reparative effects of GLP-2 on the gut 
mucosa have also been observed in the setting of experi- 
mental intestinal injury. Following induction of indometha- 
cin-induced intestinal inflarrunation, GLP-2 significantly 
reduced intestinal disease activity scores and cytokine 
expression, decreased bacterial sepsis, and reduced mortality 
in mice with enteritis (70). Remarkably, GLP-2 was most 
effective in ameliorating disease activity when administered 
as a pretreatment regimen before onset of indomethacin- 
induced enteritis (70). GLP-2 also increased mucosal DNA 
content and significantly reduced mortality in rats following 
vascular ischemia-reperfusion injury of the small intestine 
(71). The protective effects of GLP-2 in the gut have also been 
observed in the large bowel as mice with dextran sulfate 
colitis exhibit reduced parameters of disease activity, de- 
creased intestinal interleukin expression, and significantly 
reduced weight loss after GLP-2 administration (72). Simi- 
larly, GLP-2 significantly reduced gross and microscopic mu- 
cosal damage and decreased cytokine expression in rats with 
antigen-induced inflammatory bowel disease (73). 

The detection of GLP-2 receptor mRNA transcripts in the 
fetal and neonatal rat intestine (74) raises the possibility that 
GLP-2 may play a role in the development and maturation 
of the gastrointestinal tract. Daily administration of h[Gly2]- 
GLP-2 to neonatal rats enhanced stomach and small bowel 
weight and small bowel length (74). Furthermore, iv infusion 
of GLP-2 decreased proteolysis, reduced apoptosis, in- 
creased villus height, and was trophic to the gastrointestinal 
tract of immature pigs (75). Whether GLP-2 plays a role in 
growth and differentiation of the developing fetal gut re- 
mains unclear. 

Mechanisms underlying GLP-2 action: the GLP-2 receptor 

The actions of GLP-2 in the gut are mediated by a distinct 
GLP-2 receptor, a recently cloned member of the glucagon/ 
GLP-1 G protein-coupled receptor superfamily (76). GLP-2R 
cDNAs isolated from intestinal and hypothalamic cDNA 
libraries are identical in sequence and encode a predicted 
receptor of 550 amino acids, exhibiting considerable amino 
acid identity with the glucagon and GLP-1 receptors. The 
GLP-2R gene was localized to human chromosome 17pl3.3, 
a chromosomal region not yet linked to inheritance of fa- 
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milial intestinal diseases. Activation of GLP-2R signaling is 
coupled to an increase in cAMP with an EC 50 of —0.58 nM 
GLP-2. In contrast structurally related peptides such as glu- 
cagon, GLP-1, GIP, or exendin-4 do not activate the GLP-2R 
even at 10-nM concentrations (76). The in testino trophic prop- 
erties of GLP-2 derivatives in mice in vivo correlate well with 
the relative activation of GLP-2R signaling in transfected 
fibroblasts by these same peptides in vitro (76, 77). Analysis 
of the activity of alanine-substituted and both N- and C- 
terminally deleted GLP-2 molecules using the transfected 
GLP-2R expressed in fibroblasts identified a number of 
amino acid substitutions in the GLP-2 molecule that result in 
either diminished receptor binding and /or reduced receptor 
activation in vitro (77). 

The GLP-2 R is expressed in a highly tissue-specific man- 
ner, predominantly in the stomach; jejunum, ileum, and co- 
lon (76, 78). The results of Northern blotting, RNase protec- 
tion, and RT-PCR experiments are consistent with the 
presence of a single GLP-2R transcript in the gastrointestinal 
tract and central nervous system of rodents and humans (78). 
The GLP-2R has been localized to subsets of enteroendocrine 
cells in the human gut. GLP-2R+ gut endocrine cells also 
exhibit immunopositivity for either GIP, serotonin, peptide 
YY, chromogranin, or GLP-1 (78). Although GLP-2 presum- 
ably exerts direct effects on enteroendocrine cells expressing 
the GLP-2R, it seems likely that many of the effects of GLP-2 
on gastrointestinal target cells that do not express the GLP-2R 
are indirect, resulting in modulation of gastric motility, small 
bowel permeability, and both crypt cell proliferation and 
apoptosis. Hence, one model that explains GLP-2 action sug- 
gests that GLP-2 synthesized in and secreted from the small 
and large intestine exerts many of its actions in an autocrine, 
paracrine, or endocrine manner by stimulating the release of 
as yet unidentified mediators from GLP-2R+ gut endocrine 
cells. It seems likely that these GLP-2R+ enteroendocrine 
cells then release one or more factors that mediate the pleio- 
tropic biological actions of GLP-2 in the gut (Fig. 1). 

The observations that GLP-2 inhibits enterocyte and crypt 
compartment apoptosis following intestinal injury (70) 
prompted analysis of the mechanisms coupling GLP-2R sig- 
naling to reduced cell death. Remarkably, direct activation of 
GLP-2R signaling in transfected baby hamster kidney fibro- 
blasts expressing the GLP-2 receptor (BHK-GLP-2R cells) 
confers resistance to cycloheximide-induced apoptosis (79), 
GLP-2 reduced activation of caspase-8, caspase-9, decreased 
cytochrome c release, and reduced caspase-3 cleavage, in a 
protein kinase A-independent manner. The antiapoptotic ac- 
tions of GLP-2 are not diminished by inhibitors of the phos- 
phatidyl inositol-3 kinase or mitogen -activated protein ki- 
nase pathways (79). Furthermore, GLP-2 enhanced survival 
and decreased intestinal apoptosis in tumor-bearing mice 
treated with chemotherapy and reduced apoptosis and 
caspase activation in BHK-GLP-2R cells treated with irino- 
tecan in vitro (80). These findings demonstrating a direct 
antiapoptotic effect of GLP-2 on cells expressing a GLP-2 
receptor, taken together with the cytoprotective effects of 
GLP-2 in vivo on target cells that do not seem to express the 
GLP-2 receptor (70, 72, 80) suggest that GLP-2 inhibits cell 
death via both direct and indirect signaling pathways. 



Summary of current knowledge and unanswered questions 

The available data demonstrate that GLP-2 regulates 
motility, nutrient absorption, epithelial permeability, cell 
proliferation, and apoptosis in the gastrointestinal tract. 
Whether one or more of these actions will prove to be es- 
sential for normal gut physiology in the absence of intestinal 
injury awaits the development of GLP-2 antagonists or ro- 
dent models of disrupted GLP-2 action. Similarly, the actions 
of GLP-2 have been principally delineated in rodents and the 
biological activities of GLP-2 in human subjects currently 
remain unclear. Nevertheless, the strong conservation of 
GLP-2 and GLP-2R sequences across species suggests that 
the physiological actions of GLP-2 in rodents and humans are 
likely to be comparable. In this regard, the results of a recent 
study of GLP-2 administration in human subjects with short 
bowel syndrome demonstrated enhanced energy absorption 
and increased crypt plus villus height in GLP-2-treated pa- 
tients (81). Given the expression of the GLP-2 receptor in the 
central nervous system (76, 78), it seems likely that GLP-2, 
like GLP-1, also subserves one or more functions in the brain. 
Indeed, intracerebroventricular injection of GLP-2 in the rat 
reduces food intake (66), raising the possibility that GLP-2, 
perhaps like GLP-1, acts as a central satiety factor. The mul- 
tiple actions of GLP-2 that include protection and restoration 
of the gut epithelium and enhancement of nutrient absorp- 
tion will likely stimulate clinical testing of the therapeutic 
potential of this peptide in human diseases characterized by 
injury and /or dysfunction of the gut epithelium. Whether 
GLP-2 will ultimately prove therapeutically useful and safe 
for the treatment of human gastrointestinal diseases requires 
careful assessment in properly controlled clinical trials. 
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ABSTRACT Glucagon-like peptide 2 (GLP-2) is a 33-aa 
progiucagon-derived peptide produced by intestinal enteroen- 
docrine cells. GLP-2 stimulates intestinal growth and up- 
regulates villus height in the small intestine, concomitant with 
increased crypt cell proliferation and decreased enterocyte 
apoptosis. Moreover, GLP-2 prevents intestinal hypoplasia 
resulting from total parenteral nutrition. However, the mech- 
anism underlying these actions has remained unclear. Here we 
report the cloning and characterization of cDNAs encoding rat 
and human GLP-2 receptors (GLP-2R), a G protein-coupled 
receptor superfamily member expressed in the gut and closely 
related to the glucagon and GLP-1 receptors. The human 
GLP-2R gene maps to chromosome 17pl3.3. Cells expressing 
the GLP-2R responded to GLP-2, but not GLP-1 or related 
peptides, with increased cAMP production (EC50 = 0.58 nM) 
and displayed saturable high-affinity radioligand binding {K& 
= 0.57 nM), which could be displaced by synthetic rat GLP-2 
(Ki = 0.06 nM). GLP-2 analogs that activated GLP-2R signal 
transduction in vitro displayed intestinotrophic activity in vivo. 
These results strongly suggest that GLP-2, like glucagon and 
GLP-1, exerts its actions through a distinct and specific novel 
receptor expressed in its principal target tissue, the gastro- 
intestinal tract 



Glucagon-like peptides (GLPs) encoded by the proglucagon 
gene play key roles in glucose homeostasis, gastric emptying, 
insulin secretion, and appetite regulation (1). Glucagon and 
GLP-1 exert their effects through distinct G protein-coupled 
receptors (GPCRs). In contrast, unique receptors for GLP-2, 
glicentin, and oxyntomodulin have not yet been identified, 
despite considerable attempts at receptor isolation via classical 
molecular biology approaches (2). Recent studies have shown 
that GLP-2 is a potent intestinal growth factor that stimulates 
crypt cell proliferation and inhibits epithelial apoptosis (3). 
GLP-2 promotes epithelial proliferation in both small and 
large intestine; however, the mechanisms utilized by GLP-2 for 
promotion of intestinal growth remain unclear. 

To understand the mechanisms underlying GLP-2 action, we 
have carried out studies directed at the identification and 
cloning of the putative GLP-2 receptor. We now have isolated 
rat and human cDNAs encoding GLP-2-responsive GPCRs, 
which show highest similarity to receptors for glucagon and 
GLP-1. The GLP-2R is coupled to activation of adenylate 
cyclase, and the receptor is expressed selectively in rat hypo- 
thalamus and the gastrointestinal tract, known targets of 
GLP-2 action. These findings establish GLP-2 as a novel 
hormone that, like glucagon and GLP-1, exerts its actions 
through a distinct receptor expressed in a highly tissue- 
restricted manner. The GLP-2R should provide an important 
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target for isolation of small molecules mimicking GLP-2 action 
and for future studies delineating specific mechanisms under- 
lying GLP-2 action in the gut and central nervous system. 

Methods and Materials 

Primers, cDNA Libraries, and Cloning Strategy. Initial 
attempts at low-stringency hybridization of intestine and brain 
cDNA libraries using GLP-lR/GlucagonR cDNA sequences 
were not successful. Two million cDNA clones from rat 
hypothalamus and rat duodenum /jejunum cDNA libraries 
subsequently were screened with degenerate oligonucleotides 
derived from conserved transmembrane II and VII GPCR 
coding sequences: C4-4 (5 ' - A ACTAC ATCC ACM KG M 
AYCTGTT YVYGTCBTTCATSCT-3 ' ) (IUB nomenclature) 
and C9-2R (5'-TCYRNCTGSACCTCM YYRTTGAS- 
RAARCAGTA-3') (for nomenclature, see ref. 4). First-round 
cDNA plugs (1,057) were isolated in this screen. In a comple- 
mentary strategy, PCR was conducted on intestinal cDNA 
templates by using sets of degenerate PCR primers, based on 
conserved transmembrane amino acid motifs from family B 
GPCRs or from motifs conserved mainly within the glucagon/ 
glucose-dependent insulinotropic polypeptide (GIP)/GLP-1 
receptor subfamily. PCR products were Southern-blotted and 
probed with 32 P-end-labeled C4-4 oligonucleotide. PCRs, 
amplified from rat neonatal intestine cDNA (Stratagene; 
catalog no. 936508) were chosen for cloning. These products 
had been amplified with the degenerate primers M2F (5'- 
TTTTTCTAGAASRTSATSTACACNGT SGGCTAC-3') 
(based on conserved transmembrane domain I sequences) and 
M7R (5'-TTTTCTCGAGCCARCARCCASSWRTART- 
TGGC-3') (based on conserved transmembrane III sequenc- 
es). PCR products were cloned into pBluescript, screened by 
filter hybridization with the nested C4-4 oligonucleotide, and 
sequenced, leading to the identification of a sequence frag- 
ment from a novel GPCR family B member, designated WBR, 
that ultimately proved to be the GLP-2R. Two new GLP-2R- 
specific PCR primers, P23-F1 (5 ' -TCTG AC AG ATATG A- 
CATCCATCCAC-3') and P23-R1 (5'-TCATCTCCCTCT- 
TCTTGGCTCTTAC-3 ' ), were used to screen the 1,057 cDNA 
plugs obtained by hybridization screening, leading to the 
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Fig. 1. Multiple alignment of the human (GL2R_HUMAN) and rat (GL2R.RAT) GLP-2R amino acid sequences with human GLP-1, GIP, 
and glucagon receptor sequences. Known receptor sequences are designated by Swiss-Prot identifiers. Alignment was performed with clustal w 
1.60 and rendered with genedoc 2.2. Identities of rat and human GLP-2R sequences is shown in gray, and identities across all five receptor members 
are indicated by black shading. A predicted signal-peptide cleavage site in human and rat GLP-2R is indicated by an inverted triangle. Six conserved 
cysteine residues are indicated by arrows. Seven predicted transmembrane domains are shown as solid, black boxes labeled with Roman numerals, 
and asterisks are shown for spacing every 20 aa. The GenBank accession numbers for the human and rat GLP-2R sequences are AF1 05367 and 
AF105368, respectively. 



identification of three independent clones, two from the 
duodenum /jejunum library and a third from hypothalamus, 
which, together, contained a 2,537-bp cDNA insert encoding 
full-length rat GLP-2R. 

To clone the human GLP-2R, the coding region of the rat 
GLP-2R was used to screen a human hypothalamus cDNA 
library (CLONTECH; catalog no, 1172a), from which a single 
positive clone (HHT13) was isolated and sequenced. A full- 
length insert was ligated into pcDNA3 for expression studies. 

Intestinotrophic Activity, cAMP Determination, and Radi- 
oligand-Binding Studies. For cAMP assays, an episomal stable 



cell line was prepared by lipofection of 293-EBNA (Epstein- 
Barr nuclear antigen) cells (Invitrogen) with a pREP7-based 
(Invitrogen) construct containing the Met-42 — > Ue-550 ORF 
of rGLP-2R. Parental 293-EBNA cells, as well as the stable cell 
line rG2R, expressed receptors for vasoactive intestinal 
polypeptide and pituitary adenylate cyclase-activating 
polypeptide. Therefore, the ligand specificity of GLP-2R was 
tested further in transiently transfected COS cells, which 
expressed no functional receptors for any of the ligands tested. 

For cAMP assays, cells were treated at 80% conf luency with 
GLP-2 peptide analogs at concentrations ranging from 10" 12 
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to 10~ 5 M for 30 min in medium containing 3-isobutylmeth- 
ylxanthine. The reaction was terminated with the addition of 
95% ethanol and 5 mM EDTA. Aliquots of the ethanol extract 
were used to determine cAMP levels using an enzyme immu- 
noassay kit (Amersham) as described by the manufacturer. 
Results were analyzed with graphpad prism software and 
expressed as pmol cAMP per well. For radioligand-binding 
assays, cells expressing GLP-2R were harvested and homog- 
enized in 25 mM Hepes (pH 7.4) buffer containing 140 mM 
NaCl, 0.9 mM MgCl 2 , 5 mM KC1, 1.8 mM CaCl 2 , 17 mg/ml 
Diprotin A, and 100 }xM phenanthroline. Homogenates were 
centrifuged for 10 min at 1,000 X g at 4°C to remove cellular 
debris. For saturation experiments, membranes containing 25 
lig protein were incubated with increasing concentrations of 
125 I-[Tyr-34]GLP-2 (5-2,000 pM final concentration) in a 
volume of 0.5 ml for 2 hr at 4°C. Nonspecific binding was 
determined by the addition of 10 jutM of native rat GLP-2 and 
subtracted from total binding to estimate specific binding to 
GLP-2R. Parallel experiments confirmed the lack of specific 
binding when the GLP-2R expression construct was not used. 
For competition-binding experiments, assays were initiated by 
the addition of 200 pM (final concentration) of 125 I- 
[Tyr34]GLP-2 with increasing concentrations of competing 
peptide analogs (10 -11 to 10" 5 M) for 2 hr as described above. 
Reactions were terminated by centrifugation at 13,000 X g for 
15 min at 4°C. The pellets were washed three times with cold 
50 mM Tris buffer, and radioactivity was quantitated in a 
gamma counter. Results were analyzed by graphpad prism 
software. 

Intestinotrophic activities of various peptide analogs were 
determined by assessment of small bowel weight as described 

(5) , after 14-day treatments with 2.5 /u,g of test peptide or PBS 
(vehicle-treated control) administered twice daily. Activity 
was defined as follows: active, small bowel wet weight 40-70% 
greater than in vehicle-treated control animals; partially active, 
20-40% greater than controls; inactive, less than 20% greater 
than controls. 

RNAse Protection Assay. A fragment of GLP-2R cDNA was 
subcloned into pBluescript (Stratagene) for in vitro transcrip- 
tion with T3 or T7 RNA polymerases. The probe, called Fl, 
spanned nucleotides encoding amino acids Met-1 — > Arg-210. 
RNase protection assay was carried out essentially as described 

(6) , using 50 txg of total RNA from adult rat tissues or 50 ptg 
of yeast tRNA (negative control) or tRNA spiked with a 
known copy number of sense-strand cRNA (for standard curve 
construction). Each sample was hybridized with 100,000 cpm 
of [ 32 P]CTP-labeled antisense cRNA and then digested with 
RNases Tl (140 units/ml) and A (8 jmg/ml) at 30 C for 1 hr. 
The deproteinized, ethanol-precipitated probe was run on a 
5% sequencing gel and analyzed after Phosphorlmaging (Mo- 
lecular Dynamics) with imagequant software. RNA copy 
number was calculated by interpolation relative to the standard 
curve after taking the lengths and specific activities of undi- 
gested and digested probes into account. A second RNase 
probe from a different region of the GLP-2R cDNA was used 
to confirm the quantitative results (data not shown), 

RESULTS AND DISCUSSION 

GLP-2 and the peptide hormones GLP-1, glucagon, and GIP 
have closely related amino acid sequences (7). Similarly, the 
sequences of cloned receptors for the latter three peptides 
form a cluster within the parathyroid hormone receptor-like 
GPCRs family B (8-11), suggesting that the GLP-2 receptor 
might also be found within this subfamily. Initial attempts at 
GLP-2 receptor cloning by conventional screening of cDNA 
libraries at low stringency with a combination of GLP-1 and 
glucagon receptor cDNA probes were not successful. Accord- 
ingly, we next used a combined approach of reverse transcrip- 
tion-PCR and hybridization screening followed by expression 
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Fig. 2. Ligand-selective and concentration-dependent cAMP re- 
sponse to rat GLP-2 in transiently lipofected COS cells. (A) Ligand 
specificity of cAMP response to GLP-2. cAMP response to peptide 
analogs of family 2 GPCR ligands was determined in COS cells 
transiently lipofected with the GLP-2R expression vector p587-70 or 
the parental pcDNA3 expression vector. GLP-2 concentration was 1 
nM; all other peptides were used at 10 nM. A similar profile of peptide 
specificity was observed with the human GLP-2R (data not shown). 
(B) Concentration-response curve for cAMP accumulation in re- 
sponse to synthetic rat GLP-2 in rG2R cells stably expressing GLP-2R. 

analysis of candidate cDNAs. As described in Methods and 
Materials, this strategy resulted in the isolation of a 2,537-bp rat 
GLP-2R cDNA insert encoding a 550-aa putative family B 
GPCR (Fig. 1). Hydropathy analysis of the GLP-2R amino acid 
sequence revealed a typical 7-transmembrane topology plus a 
hydrophobic amino-terminal signal peptide (data not shown). 
The GLP-2R gene product belongs to the GLP-1 /glucagon/ 
GIP receptor gene subfamily. Conserved features include a 
possible signal-peptide cleavage site between Val-64 and Thr- 
65, potential Af-glycosylation sites within the amino-terminal 
putative extracellular domain, and six cysteine residues con- 
served in the mature GLP-1, GIP, and glucagon receptor 
amino-terminal domains (Fig. 1). Two putative alternative 
translation initiation codons, Met-1 and Met-42, were found 
amino-terminal to the first transmembrane domain in the rat 
GLP-2R. Functional analysis of Met-1 and Met-42 site- 
directed mutants showed they were functionally identical 
(unpublished results), consistent with signal-peptide removal 
predicted to yield an identical 486-aa mature polypeptide. 
Overlapping regions of the hypothalamus and duodenum/ 
jejunum cDNA clones encoded homologous polypeptide frag- 
ments. Moreover, no evidence was obtained for differential 
splicing of intestinal GLP-2R RNA from an RNase protection 
assay employing two nonoverlapping probes derived from 
GLP-2R cDNA, which together spanned 387 of the 550 
GLP-2R codons (data not shown). Additionally, sequencing of 
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Fig. 3. Binding of 125 I -[Tyr-34]GLP-2 to cell membranes prepared 
from rG2R cells stably transfected with GLP-2R cDNA. (A) Satura- 
tion isotherms of the specific binding of 125 I -[Tyr-34]GLP-2 to 
membranes. Results shown are representative of six independent 
experiments, each conducted in triplicate. From Scatchard analysis 
(Inset), maximal-binding B max was estimated at 1,839 fmol/mg protein, 
and a Ka value of 0.57 nM was obtained. (B) Competition binding of 
125 I-[Tyr-34]GLP-2 binding to cell membranes in the presence of 
unlabeled peptides. Data are shown for the concentration-dependent 
inhibition of 125 I-[Tyr-34]GLP-2 binding (200 pmol) to GLP-2R by 
various peptide analogs from at least two independent experiments 
conducted in triplicate. Inhibitory constants (K{) were estimated by 

using GRAPHPAD PRISM. 

the full-length human GLP-2R cDNAs confirmed the identity 
of hypothalamic and gastrointestinal GLP-2Rs (Fig. 1). 

To assess whether the predicted GLP-2R sequence encodes 
a functional GLP-2 receptor, a GLP-2R expression construct, 
p587-70, was transiently transfected into COS cells. Because 
related family B GPCRs show functional coupling to cAMP 
production mediated by the heterotrimeric G protein Gs, 
cAMP accumulation was measured after incubation with 
GLP-2. Treatment of GLP-2R-transfected COS cells with 1 
nM GLP-2 resulted in a 4-fold rise in cAMP levels relative to 
untreated cells, approximately equal to the response seen with 
10 ixM forskolin (Fig. 24). Treatment with 10 nM GLP-1, 
glucagon, GIP, exendin-3, and seven other family B GPCR 
ligands did not induce cAMP production in p587-70- 
transfected cells. Control cells transfected with vector DNA 
alone failed to respond to any of the peptides tested, including 
GLP-2, though forskolin did induce cAMP production. 

With a stable GLP-2R episomal expression cell line, rG2R, 
greater than 20-fold cAMP induction routinely was achieved with 
1 or 10 nM GLP-2 (data not shown), confirming the potent 
induction of cAMP accumulation by GLP-2. In contrast, the 
non transfected 293-EBNA cells showed no response to GLP-2. 
The EC 50 of the cAMP response to GLP-2 in rG2R cells was 0.58 
nM (Fig. 2B). The presence of saturable, specific, ligand-selective 



GLP-2-binding sites on these cells was shown by using a radio- 
iodinated, C-terminally extended GLP-2 analog, 125 I-[Tyr- 
34]GLP-2 (Fig. 2A). From Scatchard analysis of the saturation 
isotherms, a B max value of 1,839 fmol/mg of protein and a K d of 
0.57 nM were obtained for the radioligand. Mock-transfected 
cells showed no specific binding to the radioligand (data not 
shown). Competition-binding studies with rat GLP-2 revealed a 
high-affinity site = 0.06 nM) and a low-affinity site {K { = 259 
nM) (Fig. 3B). In contrast, no high-affinity GLP-1 sites were 
observed in the transfected GLP-2R/rG2R clone. K\ values 
determined for GLP-1, glucagon, and GIP peptides were 928, 
500, and 765 nM, respectively. Although the binding and Scat- 
chard data may reflect, in part, a degree of receptor ove expres- 
sion, the functional studies and binding data provide firm evi- 
dence for a cDNA that encodes a functional high-affinity, ligand- 
selective GLP-2 receptor. 

The human GLP-2R polypeptide showed 81.6% similarity to 
rat GLP-2R (Fig. 1). Functional expression of the cloned human 
GLP-2R conferred a functional response to GLP-2 and the 
appearance of high-affinity ligand-binding sites on 293-EBNA 
cells, similar to data obtained with the rat GLP-2R (data not 
shown). Furthermore, the cloned human GLP-2 receptor exhib- 
ited the same profile of peptide-binding specificity (Fig. 2 A and 
unpublished data) as the rat receptor. The gene encoding human 
GLP-2R was identified by screening an arrayed BAC library of 
human genomic DNA (Genome Systems, St. Louis), confirmed 
by sequencing, and mapped to chromosome 17pl3.3 by fluores- 
cence in situ hybridization analysis (data not shown). 

A quantitative ribonuclease protection assay method was 
used to determine the tissue distribution of rat GLP-2R RNA 
because no signals were detected on multitissue Northern 
blots. GLP-2R RNA levels were highest in jejunum, followed 
by duodenum, ileum, colon, and stomach, whereas expression 
was undetectable in seven other tissues (Table 1). This expres- 
sion pattern is clearly concordant with previously reported 
functional responses to GLP-2 in duodenum (12, 13), jejunum, 
ileum (5, 12, 14, 15), and colon (12, 16, 17); in contrast, no 
proliferative or histological changes were seen after GLP-2 
treatment in spleen, heart, kidney, lung, or brain (18). Thus, 
GLP-2R expression is detected in known GLP-2 target tissues. 
This observation, together with the functional data from 

Table 1. Quantitative GLP-2R RNA distribution in various rat 
tissues determined by RNase protection 







0-Actin 






Fl quantitation, 


quantitation, 






copies per fig 


copies per fAg 


GLP-2R/-actin, 


Tissue 


total RNA 


total RNA 


ratio 


Jejunum 


11,900 


15,500,000 


76.8 X 10" 5 


Duodenum 


9,150 


85,700,000 


10.7 X 10" 5 


Ileum 


7,490 


51,400,000 


14.6 X 10~ 5 


Colon 


4,150 


19,800,000 


21.0 X 10" 5 


Stomach 


1,530 


23,600,000 


6.48 x 10~ 5 


Brain 


<600 


40,600,000 


<1.48 X 10~ 5 


Heart 


<600 


6,600,000 


<9.09 X 10~ 5 


Kidney 


<600 


14,900,000 


<4.03 X 10- 5 


Liver 


<600 


16,700,000 


<3.59 X 10" 5 


Lung 


<600 


38,500,000 


<1.56 x 10~ 5 


Muscle 


<600 


4,600,000 


<13.0 x 10~ 5 


Spleen 


<600 


44,800,000 


<1.34 x 10" 5 



Total RNA (50 fig) from rat tissues or sense-strand cRNA standards 
was hybridized to radiolabeled antisense cRNA probes prepared in 
vitro from GLP-2R cDNA (Fl) or actin cDNA. After RNase digestion 
as described in Methods and Materials, protected probe was precipi- 
tated, electrophoresed, and quantitated by Phosphorlmage analysis 
relative to the standard curve obtained from sense-strand cRNA. RNA 
quantitation is expressed as copy number per /xg of total RNA. 
GLP-2R RNA copy number was detectable to a lower limit of 30,000 
copies per 50 fig sample, setting the limit of detection shown above for 
nongastrointestinal tissues. 
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Table 2. In vitro and in vivo activity profiles of selected peptide analogs of GLP-2 



Ku nM a * 



In vivo 





Hi oh -'if fin !tv 


1 nw.if in if vj 
LjKj W - <X I 111 u y 


FPf,i nMt 


f <%ti 

•C-mao 




rGLP-2(l-33) 1i 


0.06 ± 0.00 


259 ± 46 


1.00 ± 0.2 


100 ± 0 


Active 


yV-Ac-rGLP-2(l-33) 


— 


140 ± 2 


20.8 ± 0.1 


80.1 ± 7 


Partially active 


[Arg-l]rGLP-2(-l-33) 


NA 


n * 


901 ± 41 


69.0 ± 2 


Inactive 


[Arg-34]rGLP-2(l-34) 


ND 


//§ 


3.1 ± 0.3 


105 ± 10 


Active 


[ Iyr-34JnGLP-2 


0.56 ± 0.3 


255 ± 7 


1,4 ± 0,1 


113 ±5 


Active 


rGLP-2(2-33) 




876 ± 147 


210 ± 22 


109 ± 8 


Inactive 


rGLP-2(3-33) 




25 .1. ± 8 


10.7 ± 0,8 


1.15 ± 5 


Inactive 


rGLP-2(l-29) 


0.30 ± 0.00 


584 ± 19 


3.60 ± 0.4 


102 ± 8 


Partially active 


[Thr-7 insertion] 




977 ± 470 


1,100 ±30 


76 ± 4.0 


Inactive 


[Gly-2]GLP-2(l-33) 




126 ± 5 


2.0 ± 0.2 


103 ± 6 


Active 


hGLP-'2(l-33) 1i 


1.7 ±0.4 


596 ± 9 


1.3 ± 0.20 


99 ± 10.6 


Active 


Glucagon 




500 ± 332 


NA 


NA 


Inactive 


GLP-l(7-36)amide 




928 ± 1 


NA 


NA 


Inactive 


GIP 




765 (n = 1) 


NA 


NA 


Inactive 



NA, not active — no detectable binding; ND, not determined. 
*n - 2, except where indicated, 
tn = 3. 

*Relative to 100 nM rGLP-2(l-33), n = 3. 

^Relative to vehicle-treated control animals, n = 4 or greater. In vivo activity is based on changes in small bowel wet weight after 14-day treatment 
as described in Methods and Materials. 

fl rGLP-2(l-33) is native rat GLP-2 peptide; hGLP-2(l-33) is native human GLP-2 peptide. 



experiments with cloned GLP-2R cDNA, suggests that this 
receptor mediates the intestinotrophic actions of GLP-2. 

Pharmacological support for this hypothesis was obtained from 
parallel in vivo /in vitro studies of GLP-2 analogs containing 
simple changes in sequence and length (Table 2). Carboxyl- 
terminal extension analogs bound and activated GLP-2R and 
retained in vivo activity whereas those with amino-terminal 
extensions lost both activities. Analogs with blocked amino- or 
carboxyl-terminal residues displayed diminished in vivo activity 
and GLP-2R activation. Insertion of a Thr residue between 
GLP-2 residues 6 and 7 resulted in loss of activity in vivo and in 
vitro. Truncation of the carboxyl-terminus to a 29-residue peptide 
(analogous to glucagon) reduced but did not eliminate in vivo or 
in vitro activities. Interestingly, truncation of one or two amino- 
terminal residues abolished in vivo activity but did not completely 
eliminate binding or the GLP-2R cAMP response. Taken to- 
gether, a clear correspondence was revealed between the struc- 
tural requirements for GLP-2 R binding and activation and the in 
vivo intestinotrophic activity of GLP-2, providing additional 
evidence that the GLP-2R isolated here and the intestinotrophic 
GLP-2 receptor mediating GLP-2 action in vivo are synonymous. 

Enteroglucagon synthesis long has been associated with a 
humoral adaptive response to massive small bowel resection, in 
which hyperplasia and elongation of jejunal villi are seen (19-22). 
Proglucagon-derived GLP-2 is detectable in plasma from fasted 
rats and humans and rises 1.5- to 3.6-fold after feeding (23). 
Moreover, the intestinotrophic efficacy of GLP-2 has been shown 
after administration by i.p., i.m., or s.c. routes (14), as well as by 
coinfusion in parenterally fed rats (12). Thus, it is likely that 
circulating GLP-2 mediates adaptive changes in the villus- 
absorptive area in the small intestine. The cloning and charac- 
terization of a GLP-2 receptor expressed in the gastrointestinal 
tract qualifies GLP-2, like GLP-1, glucagon, and GIP, as a bona 
fide endocrine hormone and should facilitate the discovery of 
novel pharmacologic agents with similar functional activity. The 
expression of GLP-2R in hypothalamus also raises the possibility 
of as yet undescribed role(s) for this intestinotrophic hormone in 
the central nervous system. 

We thank P. Khanna, Y.-D. Huang, R. Mathieson, Y.-P. Zhang, and 
E. Fan for technical assistance; and J. W. Dietrich, R. Zastawny, and 
D. Lee for advice and critical reading of this manuscript. D.J.D. is a 
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